Stationary liquid cultures of Fusarium tricinctum NRRL 3299 (synonym: F. sporotrichioides) produce T-2 toxin, neosolaniol, diacetoxyscirpenol, and HT-2 toxin when cultured on peptone-enriched Czapek Dox medium. At 15 and 27°C, maximum T-2 toxin yield (265 and 50 ,ug/ml) was found after 10 to 14 and 7 days, respectively. The T-2 toxin in the culture medium was metabolized rapidly at 27°C and slowly at 15°C. Addition of 0.025% (wt/vol) sorbic acid to the medium resulted in an increased production of trichothecenes at 15°C (400 ,ug of T-2 per ml after 14 days). Trichothecenes in the culture liquid were determined by the brine shrimp bioassay and physicochemical analysis. The brine shrimp assay was improved by using modern bioassay equipment, including tissue culture trays and multipipettes, and by a standardized approach with positive and negative controls. The physicochemical analysis was based on adsorption of the trichothecenes onto Amberlite XAD-2 columns, derivatization with trifluoroacetic anhydride followed by capillary gas chromatography, and identification by mass spectrometry (as many as 17 trichothecenes were detected in the culture medium). The brine shrimp assay offers an interesting monitoring system for the quantitation of T-2 toxin and should be useful for studies on production of this toxin in culture. Specific information on less toxic trichothecenes, however, requires a more time-consuming chemical analysis.
Severe epidemics afflicting cattle and humans have been ascribed to mouldy foods (17) . Toxigenic Fusarium strains are believed to play a major role as causative agents since they produce a specific range of toxic trichothecenes when grown on various natural substrates, e.g., rice, corn, and grains. In the laboratory, trichothecenes are usually produced on solid substrates, such as autoclaved rice, by long-term (3 to 4 weeks) incubation at either low (10°C) or relatively high (25 to 27°C) temperatures (1, 3, 10) . However, Fusarium strains can also be cultured in liquid semisynthetic media as stationary surface cultures or as shaken submerged cultures (5, 13, 19, 21) . Toxic trichothecenes can also be produced under these conditions, although often in much lower quantities. The advantages of liquid media over solid substrates are obvious: the composition of a culture liquid can be easily varied, and analysis of trichothecenes requires fewer purification steps. Furthermore, the filtered culture medium can be used as an inexpensive source of trichothecenes for toxicity studies.
Although several studies of trichothecene production by Fusarium tricinctum NRRL 3299 (synonym: F. sporotrichioides) (1, 4, 5, 11) have been made, information about liquid cultures is still scanty. In addition, methods of chemical analysis of trichothecenes are complex, and therefore usually only a few culture parameters are studied. In this study, liquid stationary cultures of F. tricinctum NRRL 3299 were investigated for trichothecene production and metabolism at 15 and 27°C on standard Czapek Dox liquid medium with and without sorbic acid (7) . The performance of a rapid bioassay was compared with a comprehensive chemical analysis based on direct adsorption of the trichothecenes in the culture liquid onto XAD-2 columns, derivatization, gas chromatography, and identification by mass spectrometry. * 3 weeks. Evaporation losses were less than 10%. At regular intervals, samples of about 1 ml of the culture liquid were collected with sterile Pasteur pipettes with a bent end (to prevent disturbance of the mould layer). The samples were sterilized by filtration (Millipore filter; pore size, 0.22 ,um) and stored at 4°C until tested. Growth characteristics were followed visually during the culture period.
Brine shrimp test. Brine shrimp (Artemia sp.) eggs were bought in a tropical fish shop (distributed by San Francisco Bay, Far East, Ltd., Hong Kong) and stored at -20°C. A quantity of 25 mg of eggs was suspended in 25 ml of brine shrimp medium in a 50-ml plastic tissue culture flask. Brine shrimp medium was composed of 3 g of dipotassium glycerophosphate, 30 g of NaCl, 0.3 g of CaC12 * 2H20, 0.5 g of MgSO4 * 7H20, 1.5 g of MgCl2 * 6H20, 0.8 g of KCI, 0.1 g of MgBr2 * 6H20, 6 g of glycine, and distilled water to make 1,000 ml. The pH was adjusted to 6.5 with HCl before the medium was autoclaved for 15 min at 121°C (8) . Penicillin G (10,000 U) and streptomycin (0.01 g; Gist Brocades, Delft, The Netherlands) were sterilized by filtration and added after the medium was autoclaved. The flask was placed on a BIOASSAY AND CHEMICAL ANALYSIS OF TRICHOTHECENES shaker (18 times per min) in an incubator at 30°C with 1,000 lx of illumination.
After the eggs were hatched for 24 h, empty shells floating on the surface of the medium were sucked off. The nauplii clustering at the bottom of the flask were pipetted off in 5 ml, while the nonlarviparous eggs stayed on the bottom of the flask. The clustered nauplii were diluted with 15 ml of fresh brine shrimp medium to 200 to 300 nauplii per ml, and 0.1 ml was pipetted with a 12-channel pipette into each well of a 96-well tissue culture tray (Costar, Cambridge, Mass.). Before incubation with the toxic culture filtrates, dead nauplii were counted under a stereomicroscope (magnification, x 18). At least three dilutions of culture filtrates in the range of 12.5 to 1,600 times, causing 5 to 100% mortality, were made with brine shrimp medium, and 25-,u volumes were quadruply added to the wells. The nauplii were incubated for 24 h at 30°C in the dark, and dead nauplii were thereafter counted. Viable nauplii were subsequently killed by adding 10 ,l of 37% Formalin per well, and the total number of dead nauplii was counted. Each series of tests included negative controls (brine shrimp medium only) and two positive controls, namely, potassium dichromate and pure T-2 toxin. The concentrations that killed 50% of the nauplii (LC5os) were determined from the linear response by Finney log probit analysis (6) or estimated from log probit paper by connecting points above and below the 50% mortality level. The death rate of control nauplii was 0 to 5% in all experiments. The hatching rate of the eggs was unaffected during a year of storage (an average of 80% of the eggs hatched).
Physicochemical analysis. (i) Isolation and derivatization. Trichothecenes were isolated from liquid cultures by adsorption onto purified (12) Amberlite XAD-2 columns (Rohm and Haas Co., Philadelphia, Pa.). After dilution (one to four times) of the culture liquid with distilled water, 1 ml was transferred to a glass column (250 by 15 mm) packed with 5 g of XAD-2. The resin was washed with 50 ml of distilled water and dried by a flow of air through the column for 15 min. The trichothecenes were extracted with three 10-ml portions of acetonitrile-water (9:1). The eluates were combined and concentrated to 4 ml under a flow of nitrogen in a laboratory-made Kuderna-Danish apparatus at 70°C; 1 ml of the concentrated eluate was evaporated and derivatized with 0.5 ml of trifluoroacetic anhydride (Pierce Chemical Co., Rockford, Ill.) in the presence of 10 mg of sodium hydrogen carbonate. After 30 min at 80°C, 100 RI of hexane containing 3.9 ,ug of docosane as internal standard was added, and excess trifluoroacetic anhydride was evaporated at 50°C under a gentle flow of nitrogen. The residue was extracted for 1 min with 300 RI of toluene followed by 0.5 ml of water to dissolve the residue of sodium hydrogen carbonate. After mixing, 100 RI of the toluene layer was transferred with a syringe to a dry reaction vial (Pierce) containing anhydrous sodium sulfate. A sample of 1 ,ul was injected onto the gas chromatographic column.
(ii) Gas chromatographic analysis and identification. A Carlo Erba 5300 Mega gas chromatograph, equipped with a flame ionization detector and an on-column injection system, was used. Chemicals. All chemicals used were of the highest purity available. The mycotoxin standards-T-2 toxin, HT-2 toxin, T-2 tetraol, neosolaniol, DAS, and deoxynivalenol-were supplied by Makor Chemicals (Jerusalem, Israel). Nivalenol and fusarenon-X were generous gifts from C. J. Mirocha, University of Minnesota, St. Paul.
RESULTS
Toxicity of culture filtrates in the brine shrimp test. The toxicities of liquid cultures of F. tricinctum NRRL 3299 grown at 15 and 27°C, expressed as T-2 toxin equivalents, are shown in Fig. 1 . At 27°C the toxicity of the culture medium increased steadily for 7 days, followed by a decline during 3 days. Addition of sorbic acid caused a slower onset of the production of toxic compounds, accompanied with growth inhibition; the maximum level reached after 7 days was slightly higher. At 15°C the culture showed a later onset of the production of toxic compounds, increasing rapidly between days 4 and 14, whereas after reaching the maximum level almost no decline in toxicity was~een. With sorbic acid in the medium, a similar picture was obtained, but the onset of production of toxic compounds was delayed and a higher maximum level was reached.
Chemical analysis of trichothecenes in culture tiftrates. The results of the gas chromatographic analysis are shown in Tables 1 and 2 . During the first week of the stationary culture at 27°C (Table 1) , the concentrations of the trichothecenes T-2 toxin, HT-2 toxin, DAS, and neosolaniol increased, whereas after day 7 T-2 toxin, DAS, and neosolaniol disappeared rapidly from the culture medium and increasing quantities of T-2 tetraol were formed. During the first 10 days, the stationary cultures at 15°C (Table 2) showed an increase of T-2 toxin, neosolaniol, and DAS, whereas after day 10 the decrease of T-2 toxin was accompanied by an increase of HT-2 toxin, followed by an increase of T-2 tetraol. Figure 2 shows isometric plots of the gas chromatograms of the acetylated trichothecenes. In addition to T-2 tetraol, many intermediary metabolites, which were identified by mass spectrometry, were found (Table 3 ). These metabolites were deacetylated or hydrolyzed forms of T-2 toxin and DAS.
Comparison of the brine shrimp assay with chemical analysis. LC50s for T-2 toxin, HT-2 toxin, DAS, neosolaniol, and T-2 tetraol can be obtained from the log probit data of the pure compounds shown in Fig. 3 . T-2 toxin showed the lowest LC50. The completely deacetylated compound T-2 tetraol had the lowest toxicity. The toxicity of a 1:1 mixture of T-2 and HT-2 toxins was compared with that of the pure compounds. The mixture gave an LC50 of 72 ng/ml (95% fiducial limits, 67 and 78 ng/ml, respectively), whereas on the basis of the separate compounds an LC50 of 86 ng/ml (95% fiducial limits, 68 and 120 ng/ml) was calculated. That these values are not significantly different indicates that the toxicity of culture liquids measured in the brine shrimp test is the sum of the separate trichothecene toxicities; i.e., it is directly comparable with the results of the chemical analysis.
From the brine shrimp data in Fig. 1 it appears that the (Table 1) . The toxicity remaining after 18 to 21 days of culturing is possibly due to T-2 tetraol, which has a lower intrinsic toxicity than T-2 toxin. From the brine shrimp data for the culture at 15°C, a maximum toxicity was observed Table 3 ; the major peak C-22 is the internal standard docosane. The minor peak 6 belongs to chromatogram e. after 10 days, which is equivalent to 255 p,g of T-2 toxin per ml. By chemical analysis, 265 ,ug/ml was found ( With the exception of acetyl T-2 the same trichothecenes, together with DAS and several additional metabolites, were found in our liquid cultures. The less water-soluble acetyl T-2 toxin, although intracellularly present, may not be excreted into the culture medium. Ichinoe and Kurata (9) applied the Booth system of classification to toxigenic strains. The Fusarium strain NRRL 3299, originally identified as F. tricinctum and later characterized as F. poae, was identified by them as F. sporotrichioides, a major producer of T-2 toxin. According to their data, these strains produce only A-type trichothecenes such as T-2 toxin, HT-2 toxin, DAS, and neosolaniol (Fig. 4) . The gas chromatographic method employed by us was suited to detect B-type trichothecenes, such as nivalenol, as well (17) . However, these were not present in the culture filtrates. In addition to the derivates which are thought to be derived from the T-2 toxin or DAS molecule, minor quantities were found with slightly different side chains (Table 3 ). The detection of these new trichothecenes was a result of the high resolution of the gas chromatographic analysis.
Cullen et al. (5), who studied T-2 toxin production in liquid medium by the same strain and a related F. tricinctum strain, detected DAS and HT-2 toxin in addition to T-2 toxin. They reported that surface cultures of F. tricinctum NRRL 3299 produce 52.5 mg of T-2 toxin per liter in Czapek Dox medium supplemented with peptone. Although our concentrations are much higher than those found by these authors, their figures for liquid cultures with vermiculite (14 days at 19°C) are in the same range. Differences between these results may result from differences in temperature or time regime or both, surface-to-volume ratio of the liquid cultures, or the type of peptone used. The increased production VOL. 50, 1985 660 BERGERS, VAN a The position of the R groups is represented in Fig. 4 . The trichothecenes 1, 8, 9, 12, and 16 were identified by comparison with the mass spectra of the trifluoroacetylated reference compounds. The identification of the other trichothecenes was based on interpretation of their mass spectral fragments.
b The 8-butenecarbonyl side chain is presumably a decomposition product of 3'-hydroxyisovaleryl caused by the acetylation method used (14) .
of trichothecenes when sorbic acid is added to the culture seems to parallel the effect of sorbic acid on the production of T-2 toxin by F. acuminatum, as found by Gareis et al. (7). Kotsonis and Ellison (13) studied the production of T-2 and HT-2 toxins in liquid cultures of F. poae (synonym: F. sporotrichioides) (9) . They found that T-2 toxin was produced before HT-2 toxin and that hexadeuterio-T-2 toxin was converted by the culture to trideuterio-HT-2 toxin. Further, Yoshizawa and Morooka (21) found that, in a stationary liquid culture of F. roseum, the previously pro- sporotrichioides) most efficiently converted added 3-acetyldeoxynivalenol into deoxynivalenol. We described the course of production of several trichothecenes in liquid cultures of F. tricinctum NRRL 3299 at 15 or 27°C; similarly, we found a transient increase of T-2 toxin, DAS, and neosolaniol which was accompanied by an increase of HT-2 toxin, T-2 tetraol, and intermediates. Our data could be explained by assuming that the previously produced T-2 toxin is converted into HT-2 toxin, T-2 tetraol, and intermediates during prolonged culturing. These transformations are clearly dependent on culture aging, which proceeds faster at 27°C than at 15°C. It is somewhat surprising, furthermore, that the HT-2 toxin in the culture fluid was hardly metabolized and that the T-2 tetraol concentration in the cultures at 27°C seemed to increase with time. Additional studies are required to explain these phenomena. Siegfried (16) (8, 18) . This test has also been compared with chemical analysis (thin-layer chromatography) by Scott et al. (15) . They concluded that the wide range of toxicities of several trichothecenes limits the usefulness of this assay. We likewise found a wide range of toxicities for A-type trichothecenes (Fig. 3) . The outstanding toxicity of T-2 toxin, however, enables the use of the brine shrimp test as a monitoring test for the production of T-2 toxin by Fusarium cultures. In the present study, this toxicity assay was adapted for use as a quantitative test with modem bioassay equipment, including tissue culture trays and multipipettes and by a standardized approach with positive and negative controls (20) . The results of the chemical analysis showed a good correlation with the brine shrimp toxicity data, especially during the production period of T-2 toxin, reflecting both the predominance of T-2 toxin as well as its high intrinsic toxicity. The quantitative brine shrimp bioassay can be compared with other potent bioassays used to quantitate trichothecenes, such as those based on inhibition of cell growth (1), reticulocytes assay (18) , or immunoassays (18) . Under standardized protocol the quantitative brine shrimp assay is more rapid and easier to perform than several alternatives (2) . The LC50s of culture dilutions showed good reproducibility.
The analytical method used has been developed to analyze both A-and B-type trichothecenes during one gaschromatographic run. The derivatization technique gave high recoveries, and a high gas-chromatographic resolution of a standard mixture of trichothecenes was obtained. The method will be further adapted to analyze food and environmental samples as well.
It can be concluded that the T-2 toxin content, as determined by chemical analysis, correlates well with the toxicity of the culture filtrates, as assayed with the brine shrimp test. The brine shrimp assay therefore offers an interesting monitoring system for the quantitation of toxic trichothecenes in liquid cultures.
